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(54) A bulk acoustic wave (B AW) filter 

(57) A Bulk Acoustic Wave (BAW) filter, comprising 
at least one resonator structure that is disposed over a 
substrate, and an acoustic mirror that is disposed over 
the resonator structure. The acoustic mirror includes a 
plurality of layers. The acoustic mirror substantially iso- 



lates acoustic vibrations produced by the resonatorf rom 
reaching beyond an upper surface of the acoustic mirror. 
The acoustic mirror also prevents environmental con- 
taminants from coming into contact with the resonator 
Also disclosed are surface-mountable BAW compo- 
nents. 




FIG. 8a 
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raiity of resonators, and a protective passivatbn layer is 
situated on top of the second acoustic mirror 

Accordingly, in further aspect, the present invention 
provides A Bulk Acoustic Wave (BAW) filter, comprising: 
a substrate: a first acoustic mirror disposed over said s 
substrate; at least one resonator structure disposed 
over a portion of said first acoustic mirror: and a second 
acoustic mirror disposed over said at least one resona- 
tor structure. 

The second acoustic mirror comprises three layers, 
namely a top layer, a middle layer, and a bottom layer. 
Each of these layers has a thickness that is, by example, 
approximately equal to one-quarter wavelength. The top 
layer and the bottom layer are preferably comprised of 
materials having low acoustic impedances such as, by 
example, silicon (Si), poly-silicon, aluminum (Al), or a 
polymer. The middle layer is preferably comprised of a 
material that has a high acoustic impedance such as, 
by example, gold (Au), molybdenum (Mo), or tungsten 
(W). The protective passivation layer may be comprised 
of silicon-dioxide (Si0 2 ), epoxy, a "gloptop" material (e. 
g., an epoxy-based viscous fluid which hardens after be- 
ing heated), or any other suitable protective material. 

The plurality of resonators are BAW resonators. 
Each of the resonators comprises a first, bottom elec- 
trode that is situated over the first acoustic mirror, a pi- 
ezoelectric layer that is situated over the bottom elec- 
trode and over a respective portion of the first acoustic 
mirror, and a second, top electrode that is formed over 
portions of the piezoelectric layer and over a respective 
portion of the first acoustic mirror. A portion of the top 
electrode of a first one of the resonators is exposed to 
provide a first contact pad. Similarly, a portion of the top 
electrode of a second one of the resonators is exposed 
to provide a second contact pad. According to one em- 
bodiment of the invention, one or more grounding pads 
are also be provided, and are disposed on the first 
acoustic mirror. The grounding pads are electrically cou- 
pled to the top electrode of a third one of the resonators 
and to the bottom electrode of a fourth one of the reso- 
nators. Also in this embodiment of the invention, the bot- 
tom electrode of the first resonator is electrically coupled 
to the bottom electrode of each of the second and third 
resonators, and the top electrode of the fourth resonator 
is coupled to the top electrode of the second resonator. 

According to another embodiment of the invention, 
the second acoustic mirror fully covers a top surface of 
the top electrode of each BAW resonator, and no ex- 
posed contact pads are provided in the BAW filter. The 
BAW filter of this embodiment includes contacts (i.e., 
electrodes) that are formed on an external surface of the 
BAW filter. In accordance with a preferred embodiment 
of the invention, one contact is electrically coupled to 
the top electrode of the first resonator, another contact 
is electrically coupled to the top electrode of the second 
resonator, and another contact is electrically coupled to 
the top electrode of the third resonator and to the bottom 
electrode of the fourth resonator. In another embodi- 



ment of the invention, an additional contact is provided 
which is also electrically coupled to the top electrode of 
the third resonator and to the bottom electrode of the 
fourth resonator. The contacts enable the BAW filter to 
be electrically coupled to an external circuit, and further 
enable the BAW filter to be surface mounted to a wiring 
substrate. 

According to another embodiment of the invention, 
a BAW filter is provided that has a stacked crystal struc- 
ture. This type of filter is referred to as a Stacked Crystal 
Filter (SCF). The SCF includes a substrate, a first, bot- 
tom acoustic mirror a second, top acoustic mirror, and 
a protective passivation layer, that are similar to those 
described above. The SCF also comprises a first, bot- 
tom resonator, and a second, top resonator. The bottom 
resonator is disposed over the bottom acoustic mirror. 
The top resonator is disposed over the first resonator, 
thereby forming a resonator stack. The first, bottom res- 
onator includes a piezoelectric layer, a lower electrode, 
and a ground electrode. The piezoelectric layer is locat- 
ed between portions of the ground electrode and the 
lower electrode. The second, top resonator includes the 
ground electrode, a piezoelectric layer, and an upper 
electrode. The piezoelectric layer is disposed between 
portions of the ground electrode and the upper elec- 
trode. The piezoelectric layers and the electrodes com- 
prise similar materials and have similar thicknesses as 
those described above. 

In one embodiment of the invention, the second 
acoustic mirror and the protective passivation layers do 
not cover portions of the electrodes of the SCF, and the 
exposed, portions of these electrodes provide contact 
pads. In another embodiment of the invention, the sec- 
ond acoustic mirror fully covers these electrodes, and 
contacts are provided on an external surface of the SCF 
structure, enabling the SCF to be coupled to an external 
circuit or surface mounted to a wiring substrate. 

The use of a second acoustic mirror within a BAW 
filter offers a number of advantages over prior art filters. 
By example, the second acoustic mirror of the present 
invention reflects acoustic waves produced by the pie- 
zoelectric layers in such a manner that these waves do 
not propagate to an upper surface of the second acous- 
tic mirror. Thus, for a case in which some material is in 
contact with the protective passivation layer, the reflect- 
ed acoustic waves do not reach the material. Another 
advantage of employing the second acoustic mirror is 
that it prevents contaminants from coming into contact 
with the layers of the resonators. Furthermore, the cost 
of fabricating BAW resonators to include second acous- 
tic mirrors is typically significantly less than the cost of 
employing known techniques for protecting resonator 
layers, such as semi-hermetic packaging. 

In accordance with another aspect of the invention, 
a method is provided for fabricating a BAW filter and as- 
sembling it on a circuit board. The method includes the 
steps of: (A) forming a first, bottom acoustic mirror on a 
substrate, and (B) forming at least one resonator on the 
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Fig. 13b shows a top view of a portion of the SCF 
of Fig. 13a. with the acoustic mirror removed. 

Fig. 1 3c shows a cross-section of the Stacked Crys- 
tal Filter of Fig. 13a. taken along lines 13c-13c of Fig. 
13a. 

Fig. 1 3d shows a cross-section of a Stacked Crystal 
Filter that is constructed in accordance with another em- 
bodiment of the invention. 

Fig. 1 3e shows the Stacked Crystal Filter of Fig. 1 3c 
coupled to contacts of a circuit board by bonding wires. 

Fig. 1 3f shows the Stacked Crystal Filter of Fig. 1 3c, 
after having been coupled to contacts of a circuit board 
using flip-chip technology. 

Fig. 1 3g shows the Stacked Crystal Filter of Fig. 1 3d 
surface mounted on a circuit board. 

. Identically labeled elements appearing in different 
ones of the figures refer to the same element but may 
not be referenced in the description for all figures. 

Before describing the presently preferred embodi- 
ments of this invention, a brief reference will be made 
to the Bulk Acoustic Wave (BAW) devices shown in Figs. 
1-6a, which are further described in -a commonly as- 
signed copending U.S. patent application entitled tt A De- 
vice Incorporating a Tunable Thin Film Bulk Acoustic 
Resonator for Performing Amplitude and Phase Modu- 
lation", filed on October 2, 1 996, by Juha Ella. 

In Figs. 1 and 2, a cross-section (side view) and a 
top view, respectively, are shown of a BAW resonator 
20 having a membrane or bridge structure 28. The BAW 
resonator 20 comprises a piezoelectric layer 22, a first 
protective layer 38b, a second protective layer 38a, a 
first electrode 24. a second electrode 26, the membrane 
28, etch windows 40a and 40b. an air gap 34, and a 
substrate 36. The piezoelectric layer 22 comprises, by 
example, a piezoelectric material that can be fabricated 
as a thin film such as, by example, zinc-oxide (ZnO), or 
aluminum-nitride (AIN). The membrane 28 comprises 
two layers, namely, a top layer 30 and a bottom layer 
32. The top layer 30 is comprised of, by example, poly- 
silicon (poly-si) or aluminum-nitride (AIN), and the bot- 
tom layer 32 is comprised of, by example, silicon-dioxide 
(Si0 2 ) or gallium arsenide (GaAs). The substrate 36 is 
comprised of a material such as, by example, silicon 
(Si), Si0 2 , GaAs, or glass. Through the etch windows 
40a and 40b, a portion of the substrate 36 is etched to 
form the air gap 34 after the membrane layers have 
been deposited over the substrate 36. 

Referring to Fig. 5, a BAW resonator 21 is shown. 
The BAW resonator 21 is similar to the one illustrated in 
Fig. 1 , with an addition of a sacrificial layer 39. During 
fabrication of the resonator 21 . the sacrificial layer 39 is 
deposited over the substrate 36 prior to the deposition 
of the membrane 28. After all of the resonator layers are 
formed, the sacrificial layer 39 is removed through the 
etch windows 40a and 40b to form air gap 34. 

For both of the resonators 20 and 21, the piezoe- 
lectric layer 22 produces vibrations in response to a volt- 
age being applied across the electrodes 24 and 26. The 



vibrations that reach the interface between the mem- 
brane 28 and the air gap 34 are reflected by this inter- 
face back into the membrane 28. In this manner, the air 
gap 34 isolates vibrations produced by the piezoelectric 

5 layer 22 from the substrate 36. 

In Fig. 6a. another BAW resonator 23 is shown. This 
resonator 23 has a similar structure as that of the BAW 
resonator 21 of Fig. 1, except that only a single protec- 
tive layer 38a is provided, and the membrane 28 and 

J0 the air gap 34 are replaced with an acoustic mirror 70 
which acoustically isolates vibrations produced by the . 
piezoelectric layer 22 from the substrate 36. 

The acoustic mirror 70 preferably comprises an odd 
number of layers (e.g., from three to nine layers). The 

is acoustic mirror 70 shown in Fig. 6a comprises three lay- 
ers, namely a top layer 70a, a middle layer 70b, and a 
bottom layer 70c. Each layer 70a, 70b and 70c has a 
thickness that is, by example, approximately equal to 
one quarter wavelength. The top layer 70a and bottom 

20 layer 70c are comprised of materials having low acous- 
tic impedances such as, by example, silicon (Si), poly- 
silicon, aluminum ( Al), or a polymer. Also, the middle lay- 
er 70b is comprised of a material having a high acoustic 
impedance such as, by example, gold (Au), molybde- 

25 hum (Mo), or tungsten (W). A ratio of the acoustic im- 
pedances of consecutive layers is large enough to per- 
mit the impedance of the substrate to be transformed to 
a lower value. As a result, the substrate 36 may be com- 
prised of various high acoustic impedance materials or 

30 low acoustic impedance materials (e.g., Si, Si0 2 , GaAs, 
glass, or a ceramic material). 

The manner in which the ratio of the acoustic im- 
pedances of consecutive layers permit the substrate im- 
pedance to be transformed to a lower value may be un- 

35 derstood in view of Fig. 6b, which shows an exemplary 
structure 71 that models layers of an acoustic mirror. 
The structure 71 includes a number of sets of high and 
low impedance transmission lines L,, L 2 , L 3 . ..L n ^ and 
!_„ that have impedances representing those of acoustic 

40 mirror layers. Each transmission line is one-quarter 
wavelength long. The sets of transmission lines and 
L 3 have low impedances and represent, by example, the 
bottom layer 70c and the top layer 70a, respectively, or 
vice versa, of the acoustic mirror 70. The transmission 

45 lines of set L 2 have high impedances and represent, by 
example, the middle layer 70b of the acoustic mirror 70. 
A load impedance Z 2 is also shown which represents 
the impedance of. the substrate 36. Transmission lines 
of set and L n are also included in Fig. 6b, and rep- 

50 resent layers for a case in which more than three layers 
are included within the acoustic mirror 70. The label "n* 
represents an even number. A ratio of the acoustic im- 
pedances of adjacent sets of transmissions lines (e.g., 
consecutive layers) is large enough to transform the 

55 load impedance Z 2 to a minimum impedance 2, , which 
represents an impedance at an interlace between the 
electrode 24 and the top layer 70a of the acoustic mirror 
70. In a case in which this ratio is small, however, addi- 
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i.i /ois become securely adhered to one another after 
r.. nif| dnpcsiled such that no adhesive layers need to 
t>.- employed. 

When rti Icasl one of the resonators 7 and 12 is caused 
L- viDinic the vibrations it produces are substantially 
it.r.i. tied Irom the substrate 1 3 by the first acoustic mirror 
\ 7 Bcmq ihal the vibrations are isolated in this manner, 

uccause no etching of the substrate 1 3 is required 
;hi>>nq ihc labrication of the BAW filter 1 , the substrate 
: > ituy be comprised of various low impedance mate- 
f. i- ^uch as. by example, Si, Si0 2 , GaAs, glass, or a 
f.ifiiii: material. However, owing to the impedance 
iMMsiomnrttion that occurs via the layers 14, 15 and 16 
o' \tu* t.fsi ncouslic mirror 17, the substrate 13 may also 
t>< i ompnscd of high impedance materials. 

m tr is cmbooiment of the invention, the second, up- 
pe» a top acoustic mirror 18 also comprises three lay- 
ers rwnciy a lop layer 4, a middle layer 5, and a bottom 
in/cr 6 Ench ol these layers has a thickness that is, by 
orimpie approximately equal to one-quarter wave- 
le iqi-i The lop layei 4 and the bottom layer 6 are pref- 
erably comprised of materials having low acoustic im- 
pedances such as, by example, silicon (Si), poly-sili- 
con .iiummum (Al). or a polymer. The middle layer 5 is 
preferably comprised of a material having a high acous- 
tic impodance such as, by example, gold (Au), molyb- 
denum (Mo), or tungsten (W). The protective passiva- 
tion layer 3. which protects a top portion of the BAW filter 
1 has a thickness of 0.2 jam or greater. The protective 
passivation layer 3 may be comprised of any suitable 
protective material such as, by example, epoxy, Si0 2 , 
or a glop top material (e.g. . an epoxy-based viscous fluid 
which hardens after being heated). It should be recog- 
nized that the use of three layers in the second acoustic 
mirror 18 is exemplary, and thai a greater odd number 
of layers could be used, as was previously described. 
Also one or more adhesive layers may be employed if 
needed to securely adhere the bottom layer 6 to top sur- 
faces of resonators 7 and 12, and/or to securely adhere 
the lop layer 4 to the protective passivation layer 3. 

The first and second resonators 7 and 12 are BAW 
resonators. Each of these resonators 7 and 12 includes 
(1) a respective portion of a bottom electrode 19 that is 
situated over the first acoustic mirror 17, (2) a piezoe- 
lectric layer 9 that is situated over the respective portion 
of the bottom electrode 1 9 and over a respective portion 
of the first acoustic mirror 17, and (3) a top electrode 8 
that is formed over portions of the piezoelectric layer. 9 
and over a respective portion of the first acoustic mirror 
17. A portion of the top electrode 8 of the first resonator 
7 is not covered by the second acoustic mirror 1 8 or the 
protective passivation layer 3 3 and is exposed for pro- 
viding a first contact pad 10. Similarly, a portion of the 
top. electrode 8 of the second resonator 12 is not cov- 
ered by the second acoustic mirror 18 or the protective 
passivation layer 3, and is exposed for providing a sec- 
ond contact pad 11 Also, referring to Fig. 7b, another 
portion of this top electrode 8 of resonator 12 lorms a 



top electrode of a resonator 12', which will be described 
below. 

The contact pads 10 and 11 of the BAW filter 1 pro- 
vide an input and an output respectively (or the filler 1. 

s The contact pads 10 and 11 permit the BAW filter 1 to • 
be electrically coupled to an external circuit by wire or 
solder bonding, or by another suitable technique. By ex- 
ample, and referring to Fig. 11 , contact pads 10 and 11 
can be coupled to respective contact pads 102a and 

io 102b of a circuit board 106 via bonding wires 112. Also 
by example, and referring to Fig. 12, contact pads 10 
and 11 can be coupled to contact pads 102a and 102b 
of circuit board 1 06 via solder bumps 1 1 4, using flip-chip 
technology. 

15 Referring to Fig. 7b, the filter 1 also includes third 
and fourth resonators 7* and 1 2', respectively, in addition 
to the first and second resonators 7 and 12. The third . 
and fourth" resonators 7'and 12' are constructed of sim- 
ilar components as the resonators 7 and 1 2. Also shown 

20 in Fig. 7b is a ground contact pad (G). The ground con- 
tact pad (G) is connected to top electrode 8 of the third 
resonator 7', and is not covered by the second acoustic 
mirror 18 or the protective passivation layer 3. The 
ground contact pad (G) is also coupled to a portion of 

25 bottom electrode 19 of the fourth resonator 12'. As can 
be appreciated in view of Fig. 7b, the fiiier 1 has a ladder 
topology. A schematic diagram of the filter 1 is shown in 
Fig. 7d. 

As can be appreciated, the filter 1 may have other 

30 configurations. By example, Fig. 7c shows a top view of 
a cross-section of a filter 1a that is constructed in ac- 
cordance with another embodiment of the invention. In 
this embodiment of the invention, the fitter 1a is con- 
structed of similar components as the filter 1 shown in 

35 Fig. 7b : except that two ground contact pads (G1 ) and 
(G2) are provided instead of only a single ground con- 
tact pad (G). The ground contact pads (G1) and (G2) 
are not covered by the second acoustic mirror 18 or the 
protective passivation layer 3. Both ol the ground con- 

40 tact pads (G 1 ) and (G2) are coupled to the top electrode 
8 of the resonator T and to the bottom electrode 19 of 
the resonator 12'. A schematic diagram of the filter 1a 
is shown in Fig. 7e. 

Figs. 8a and 8b illustrate a side view of a cross-sec- 

45 tion and a top view of a cross-section, respectively, ot a 
BAW filter 2 that is constructed in accordance with an- 
other embodiment of the invention. The BAW filter 2 ot 
Figs. 8a and 8b is formed of similar layers as the BAW 
filter 1 of Figs. 7a and 7b. However, in this embodiment 

50 of the invention, the portions of the electrodes which 
formed the contact pads 10,11, and (G) of Figs. 7a and 
7b are fully covered by the second acoustic mirror 18 
(although this is not shown for resonators 7' and 12'). 
As such, no exposed contact pads 10, 11 and (G) are 

55 provided. The BAW filter 2 does, however, include con- 
tacts 19a, 19b, and 19c (i.e., electrodes) that are dis- 
posed over external surfaces of the BAW filter 2. 

Fig. 8d shows a perspective view of the BAW filter 
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materials and may have similar thicknesses as those 
described above. 

The second acoustic mirror 18 covers the resonator 
stack and portions of the first acoustic mirror 1 7. As can 
be seen in view of Fig. 1 3a, a portion of the ground elec- 
trode 8' is not covered by the second acoustic mirror 18 
or the protective passivation layer 3. and is exposed for 
providing a ground contact pad 8". Similarly, as can be 
seen in view of Fig. 1 3c : portions of the upper and lower 
electrodes 8 and 19, respectively, are not covered by 
the second acoustic mirror 18 or by the protective pas- 
sivation layer 3, and are exposed for providing first and 
second contact pads 10 and 11 , respectively. The con- 
tact pads 8", 10 and 11 permit the SCF 116 to be elec- 
trically coupled to an external circuit by wire or solder 
bonding, or by another suitable technique. By example, 
and referring to Fig. 1 3e, contact pads 10 and 11 can be 
coupled to respective contact pads 102a and 102b of a 
circuit board 106 via bonding wires 112. Also by exam- 
ple, and referring to Fig 131, contact pads 10 and 11 can 
be coupled to contact pads 102a and 102b of circuit 
board 1 06 via solder bumps 1 1 4, using flip-chip technol- 
ogy. It should be noted that, although not shown in Figs. 
1 3e and 1 3f , the contact pad 8" of the SCF 1 1 6 can also 
be coupled to the circuit board 106 using these tech- 
niques. 

Fig. 1 3d illustrates a cross-section of a SCF 1 1 8 that 
is constructed in accordance with another embodiment 
of the invention. The SCF 1 1 8 has a similar structure as 
the SCF 116 of Figs. 13a-13c. However, in this embod- 
iment of the invention, the portions of the electrodes 8, 
8' : and 19 that formed the contact pads 10, 8°. and 11 
of the SCF 1 16 are fully covered by the second acoustic 
mirror 18. As such, no exposed contact pads 10, 8", and 
11 are provided. The SCF 118 does, however, include 
contacts 1 9a and 1 9b (i. e. , electrodes) that are disposed 
over opposite external surfaces of the SCF 118. Each 
contact 19a and 19b is situated adjacent to respective 
portions of the protective passivation layer 3, the first 
and second acoustic mirrors 17 and 18, the substrate 
13, and to respective portions of the electrodes 8 and 
19. Each contact 19a and 19b is constructed of, by ex- 
ample gold (Au). Contact 19a is electrically coupled to 
the lower electrode 19 and contact 19b is electrically 
coupled to upper electrode 8. The contacts 1 9a and 1 9b 
enable the SCF 118 to be electrically coupled to an ex- 
ternal circuit. By example, and referring to Fig. 1 3g, the 
contacts 19a and 19b enable the SCF to be surface 
mounted to a circuit board 106. This may be accom- 
plished by soldering the contacts 1 9a and 1 9b to respec- 
tive contact pads 102a and 102 of the circuit board 106, 
thereby enabling the contacts 19a and 19b to be elec- 
trically coupled to circuit board wiring 100. As can also 
be appreciated, the contacts 19a and 19b further serve 
to at least partially isolate the SCF 118 from environ- 
mental contaminants such as, for example, solder 104 
or solvents, that may be encountered during assembly 
and subsequent use. 



Having described a number of embodiments of the 
invention, it should be noted that the BAW filters 1,1a, 
2. and 2a, and the SCFs 116 and 118 described above 
may comprise more or less than the number of piezoe- 
5 lectric layers and electrodes described above, depend- 
ing on filter performance requirements for a particular 
application of interest. It should also be noted that the 
first and second acoustic mirrors 17 and 18 of these de- 
vices may each comprise more than three layers. By ex- 
ample, the first and second acoustic mirrors 17 and 18 
may each comprise an additional two, four, six, or more 
layers, as long as the total number of layers employed 
are arranged such that consecutive ones of these layers 
have alternating high and low impedances. In addition, 
adhesive layers may be employed if needed for securely 
adhering the top and bottom acoustic mirrors 17 and 18 
to respective portions of the filter structures. It should 
be further noted that the topologies of the BAW filters 1, 
1a, 2, and 2a described above is not intended to be lim- 
iting to the scope ol the invention, and that other topol- 
ogies may be provided. For example, the BAW filters 1 , 
1a, 2, and 2a may include more or less than the number 
of resonators, contact pads: and/or external contacts 
described above. 

The use of a second (i.e. , top) acoustic mirror offers 
a number of advantages over devices that only include 
a single acoustic mirror, such as the one shown in Fig. 
6. One advantage of employing a second acoustic mir- 
ror can be appreciated in view of the following descrip- 
tion. 

When, for example, a voltage is applied across the 
top and bottom electrodes 8 and 19 of any one of the 
resonators 7, 12, 7', and 12* of the BAW filters 1, 1a, 2, 
and 2a, an electric field is created between these elec- 
trodes 8 and 19 that causes the piezoelectric layer 9 to 
vibrate. Similarly, when a voltage is applied across the 
electrodes 8 and 19 of any one of the SCFs 116 and 
118, a electric field is created between each of these 
resonators 8 and 1 9 and the ground electrode 8*, caus- 
ing the piezoelectric layers 108 and 110 to vibrate. As a 
result, acoustic waves propagate from each vibrating pi- 
ezoelectric layer within these filters in a direction that is 
towards the first, lower acoustic mirror 17 of the respec- 
tive filters. Owing at least in part to the impedances of 
the layers 14, 15, and 16 of the first acoustic mirror 17, 
the first acoustic mirror 17 reflects at least portions of 
these acoustic vibrations in a direction that is not to- 
wards the substrate 13. As a result, the reflected por- 
tions of the acoustic waves do not reach the substrate 
13. In this manner, the first acoustic mirror 17 isolates 
the vibrations produced by the vibrating piezoelectric 
layers from the substrate 1 3 within the respective filters 
1, 1a, 2, 2a, 116, and 118. 

Acoustic waves also propagate from each vibrating 
piezoelectric layer in a direction that is towards the sec- 
ond acoustic mirror 18. The second acoustic mirror 18 
functions in a similar manner as the first acoustic mirror 
17. More particularly, owing at least in part of the imped- 
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For a case in which the assembly technique select- 
ed at block (E) is flip-chip technology, steps (G1) and 
(G2) are performed. In step (G 1 ), solder bumps are fab- 
ricated on contact pads of the filter using, by example, 
vacuum deposition (e.g., evaporation) of a bump metal 
or electrochemical plating of solder. The wafer is then 
cut into chips. Thereafter at block (G2), the chips, are 
coupled to selected contacts of the circuit board using 
flip-chip technology. 

For a case wherein the assembly technique select- 
ed at block (E) is surface mount technology, steps (H1) 
and (H2) are performed. In step (H1). the wafer is cut 
into chips and contacts are formed over portions of the 
filter. These contacts are similar to the contacts (e.g., 
contacts 1 9a and 1 9b) described above, and can be fab- 
ricated using, tor example, a silver dipping technique 
similar to that used to fabricate terminations for conven- 
tional surface mount discrete components. Thereafter, 
at step (H2), the chips are coupled to selected circuit 
board contact pads using surface mount technology. As 
was described above, the upper acoustic mirror protects 
the at least one resonator from being contacted by ex- 
ternal materials that can harm the resonator. 

While the invention has been particularly shown 
and described with respect to preferred embodiments 
thereof, it will be understood by those skilled in the art 
that changes in form and details may be made therein 
without departing from the scope and spirit of the inven- 
tion 



Claims 

1. A Bulk Acoustic Wave (BAW) filter, said BAW filter 
comprising at least one resonator structure which 
is disposed over a substrate, and further comprising 
an acoustic mirror disposed over said at least one 
resonator structure. 

2. A BAW filter as set forth in claim 1 , wherein said 
acoustic mirror comprises a plurality of layers. 

3. A BAW filter as set forth in claim 2, wherein each of 
said plurality of layers has a thickness that is ap- 
proximately equal to one-quarter wavelength. 

4. A BAW filter as set forth in any preceding claim, 
wherein said acoustic mirror comprises a top layer 
that includes a material having a low acoustic im- 
pedance, a middle layer that includes a material 
having a high acoustic impedance, and a bottom 
layer that includes a material having a low acoustic 
impedance. 

5. A BAW filter as set forth in claim 4, wherein said top 
and bottom layers comprise one of silicon, poly-sil- 
icon, aluminum, and a polymer material, and where- 
in said middle layer comprises one of gold, molyb- 



denum, and tungsten. 

6. A BAW filter as set forth in any preceding claim, fur- 
ther comprising a protective passivation layer 

5 formed over said acoustic mirror. 

7. A BAW filter as set forth in claim 6, wherein said 
protective passivation layer comprises one of 
epoxy. a glop top material, and silicon-dioxide, and 

10 has a thickness of at least 0.2 urn. 

8. A BAW fitter as set forth in any preceding claim, 
wherein said at least one resonator structure in- 
cludes at least one electrode having a portion which 

'5 is exposed for providing a contact pad, said contact 
pad for coupling said at least one resonator struc- 
ture to a wiring substrate via bonding wires. 

9. A BAW filter as set forth in any of claims 1 to 7, 
20 wherein said at least one resonator structure in- 
cludes at least one electrode having a portion which 
is exposed for providing a contact pad, said contact 
pad for coupling said at least one resonator struc- 
ture to a wiring substrate, using flip-chip technology. 

25 

10. A BAW filter as set forth in any preceding claim, 
wherein said BAW filter comprises a plurality of res- 
onator structures which are disposed over said sub- 
strate, each of said plurality of resonator structures 

30 including a plurality of electrodes, wherein a portion 
of a first one of said electrodes of a first one of said 
resonator structures is exposed for providing a first 
contact pad, and a portion of a first one of said elec- 
trodes of a second one of said resonator structures 

35 is exposed for providing a second contact pad, and 
wherein said BAW filter further comprises a third 
contact pad disposed over said substrate, said third 
contact pad being exposed and being electrically 
coupled to a first one of said electrodes of each of 

40 a third one and a fourth one of said resonator struc- 
tures, and wherein said first, second, and third con- 
tact pads are for coupling respective ones of said 
first, second, and third resonator structures to a wir- 
ing substrate. 

45 

11. A BAW filter as set forth in claim 10, and further 
comprising a fourth contact pad disposed over said 
substrate, said fourth contact pad being exposed 
and being electrically coupled to said first one of 

so said electrodes of each of said third and fourth res- 
onator structures, said fourth contact pad for cou- 
pling said third and fourth resonator structures to a 
wiring substrate. 

55 12. A BAW filter as set forth in any preceding claim, 
wherein said BAW filter comprises a plurality of res- 
onator structures disposed over said substrate, 
each of said resonator structures including at least 
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structure is performed by forming a plurality of ad- 
jacent resonators on the first acoustic mirror. 

27. A method as set forth in any of claims 20 to 26. 
wherein the step ol forming at least one resonator s 
structure is performed by forming a stack of reso- 
nators to lorm a slacked crystal structure. 

28. A surface mountable Bulk Acoustic Wave (BAW) 
device, comprising: w 

a substrate; 

at least one BAW resonator structure; 

is 

a first acoustic isolator disposed between said 
substrate and said at least one BAW resonator; 

a second acoustic isolator disposed over said 

at least one BAW resonator; and 20 

a plurality ol electrodes disposed over an ex- 
ternal surface of said BAW device for surface 
mounting said device to a wiring substrate. 

25 
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(54) A bulk acoustic wave (BAW) filter 

(57) A Bulk Acoustic Wave (BAW) filter, comprising 
at least one resonator structure that is disposed over a 
substrate, and an acoustic mirror that is disposed over 
the resonator structure. The acoustic mirror includes a 
plurality of layers. The acoustic mirror substantially iso- 



lates acoustic vibrations produced by the resonator from 
reaching beyond an upper surface of the acoustic mirror. 
The acoustic mirror also prevents environmental con- 
taminants from coming into contact with the resonator. 
Also disclosed are surface-mountable BAW compo- 
nents. 
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two electrodes, said BAW filter further comprising a 
plurality of contacts disposed over an external sur- 
face of said BAW filter, individual ones of at least 
two of said contacts being electrically coupled to an 
electrode of respective individual ones of at least 
two of said resonator structures, said contacts for 
surface mounting said BAW filter to a wiring sub- 
strate. 

13. A BAW filter as set forth in any preceding claim, 
- wherein said acoustic mirror substantially isolates 

acoustic vibrations produced by said at least one 
resonator structure from reaching beyond an upper 
surface of said acoustic mirror. 

14. A BAW filter as set forth in any preceding claim, 
wherein said acoustic mirror prevents environmen- 
tal contaminants from coming into contact with said 
at least one resonator structure. 

15. A BAW filter as set forth in any preceding claim, 
wherein said acoustic mirror is an upper one of a 
pair of acoustic mirrors of said BAW filter, and 
wherein' a lower one of said pair of acoustic mirrors 
is formed between said at least one resonator struc- 
ture and said substrate. 

16. A BAW filter as set forth in any preceding claim, 
wherein said at least one resonator structure in- 
cludes a plurality of stacked resonators. 

17. A BAW filter as set forth in any preceding claim, 
wherein said BAW filter comprises a plurality of res- 
onator structures disposed over said substrate, 
each of said resonator structures including a plural- 
ity of electrodes, said BAW filter further comprising 
a plurality of contacts disposed over an external sur- 
face of said BAW filter, wherein a first one of said 
electrodes of a first one of said resonator structures 
is electrically coupled to a first one of said contacts, 
a first one of said electrodes of a second one of said 
resonator structures is electrically coupled to a sec- 
ond one of said contacts, a first one of said elec- 
trodes of a third one of said resonator structures is 
electrically coupled to a third one of said contacts, 
and a first one of said electrodes of a fourth one of 
said resonator structures is electrically coupled to 
said third contact. 

18. A BAW filter as set forth in claim 17, wherein a sec- 
ond one of said electrodes of said first resonator 
structure is coupled to a second one of said elec- 
trodes of each of said second and third resonator 
structures, and wherein a second one of said elec- 
trodes of said fourth one of said resonator struc- 
tures is coupled to said first electrode of said second 
resonator structure. 



19. A BAW filter as set forth in claim 17 or claim 13, 
wherein said first electrodes of said third and fourth 
resonator structures are also electrically coupled to 
a fourth one of said contacts. 

5 

20. A method of fabricating a BAW filter and assembling 
the BAW filter on a circuit board, comprising the 
steps of: 

10 forming a first acoustic mirror over a substrate; 

forming at least one resonator structure on the 
first acoustic mirror; and 

*s forming a second acoustic mirror over at least 

a substantial portion of the at least one resona- 
tor structure. 

21. A method as set forth in claim 20, wherein the step 
20 of forming the second acoustic mirror includes the 

steps of: 

forming a first layer over the resonator and over 
a portion of the first acoustic mirror, the first lay- 
25 er including a material having a low acoustic im- 

pedance; 

forming a second layer over the first layer, the 
second layer including a material having a high 
30 acoustic impedance; and 

forming a third layer over the second layer, the 
third layer including a material having a low 
acoustic impedance. 

35 

22. A method as set forth in claim 21 , wherein the ma- 
terial having a low acoustic impedance includes one 
of silicon, poly-silicon, aluminum, and a polymer 
material, and wherein the material having a high 

40 acoustic impedance includes one of gold, molybde- 
num, and tungsten. 

23. A method as set forth in any of claims 20 to 22. fur- 
ther comprising a step of forming a protective pas- 

45 sivation layer over the second acoustic mirror. 

24. A method as set forth in any of claims of 20 to 23, 
wherein between Ihe steps of forming the resonator 
structure and forming the second acoustic mirror, a 

50 step is performed of forming contact pads on the 
first acoustic mirror. 

25. A method as set forth in any of claims of 20 to 24, 
further including a step of forming contacts over an 

55 external surface of the BAW filter. 

26. A method as set forth in any of claims 20 to 25, 
wherein the step of forming at least one resonator 
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nncos of the layers 4, 5 and 6 that form the second 
,.c nu>tic mirror 18, the second acoustic mirror 1S re- 
iki IS the acoustic vibrations in a direction that is not to- 
w.nds the protective passivation layer 3. nor in a direc- 
tion mat is towards the external contacts (e.g., 19a and 5 
i G D i tor a case in which the BAW filter 2, the BAW filter 
2n o- the SCF 1 1 8 is employed. As a result, the reflected 
acoustic waves do not reach these portions of the re- 
spcc:<vc devices, and hence do not reach the interface 
b^twocn the second acoustic mirror 18 and the protec- ?o 
iu<- passivation layer 3. Also for the BAW filters 2 and 
2r\ nnd ihe SCF 118 of Fig. 13d, the second acoustic 
mm ci tr prevents the reflected acoustic waves from 
ic.ichmg lf"c inlerfaces between the second acoustic 
mute* i c nnd portions of the contacts (e.g. .contacts 19a '5 
Hticj * u bi locaicd m the upper portion of the respective 
devices As can be appreciated, in a case in which, by 
example some material is placed upon or is otherwise 
m contnet with the protective passivation layer 3of either 
oi thu devices 1 la 2, 2a, 116, and 118, the reflected 20 
portions of the acoustic waves do not reach the material. 
In this manner the second acoustic mirror 18 isolates 
this material from acoustic vibrations produced by the 
pic/oclcclnc layers. 

Another advantage of employing the second acous- 2s 
tic mirror 18 is that the second acoustic mirror 18 covers 
substantially all of the resonators 7, 12, 7\ and 12' of 
the BAW filters 1, 1a. 2 : and 2a, and substantially all of 
the resonators 109 and 111 of the SCFs 116 and 118, 
and thus prevents solvents and the like from coming into 30 
contact with, and contaminating or otherwise harming, 
the layers of these devices. In that the second acoustic 
mirror 18 protects these layers in this manner, there is 
no need to provide other lorms of protection for these 
layers, such as, by example, semi-hermetic packaging. 35 
Thus, costs associated with these other forms of protec- 
tion are avoided, and the overall costs of fabricating the 
devices are considerably reduced. Moreover, being that 
the invention employs BAW filters instead of SAW res- 
onator tillers, and since protective packaging is not re- 40 
quired to protect the BAW filters, it is not necessary to 
connect these filters to packaging pins via bonding 
-wires, as is generally required to be done in cases 
wherein SAW filters are used. As a result, the BAW fil- 
ters ol the present invention can exhibit smaller parasitic 45 
components (e.g., parasitic capacitances) than filters (e. 
g. t SAW filters) that require protective packaging. Fur- 
thermoie. since no packaging is required to protect the 
BAW fillers 1 , 1a, 2, and 2a and the SCFs 116 and 118 
of the invention, the overall sizes of these individual de- so 
vices can be smaller than, for example, individual serni- 
hermetically packaged filters. 

Another advantage ottered by the various embodi- 
ments of the invention is that the second acoustic mirror 
is employed within BAW filters instead of within SAW 55 
filters, which require some form of hermetic packaging 
for protection. By example, if an acoustic mirror or re- 
flector were employed in a SAW device, the acoustic 



mirror would need to include inter-digital metallization 
patterns disposed on a surface of the devices, as acous- 
tic waves propagate within SAW filters in a direction that 
is parallel to the layer surfaces of the filters. Unfortunate- 
ly, the presence of these inter-digital metallization pat- 
terns necessitates the use of hermetic packaged for pro- 
tection in these SAW devices. 

in accordance with another aspect of the invention, 
a method is provided for fabricating a BAW filter and as- 
sembling the filter on a circuit board. Referring to the 
logic flow diagram of Fig. 9, the method includes a step 
(A) of forming a first, lower acoustic mirror over a sub- 
strate. A next step (B) includes forming at least one res- 
onator on the lower acoustic mirror. The at least one res- 
onator may include one or more BAW resonators that 
are similar to those described above. By example, two 
or more resonators may be formed adjacent to one an- 
other on a top surface of the lower acoustic mirror. Also 
by example, a stack of resonators may be formed on the 
top surface of the lower acoustic mirror to lorm a slacked 
crystal structure. Contact pads may also be formed from 
portions of the resonator electrodes to provide input, 
output, and grounding pads. 

As a next step (C), a second, upper acoustic mirror 
is formed over at least a substantial portion of the at least 
one resonator. The upper acoustic mirror may also be 
formed over other portions of the filter including, by ex- 
ample, a portion of the lower acoustic mirror. The step 
(C) includes the steps of forming a first, lower layer over 
the at least one resonator and over a portion of the lower 
acoustic mirror, forming a second, middle layer over the 
lower layer, and forming a third, upper layer over the 
middle layer. The lower, middle, and upper layers form 
the upper acoustic mirror which is similar to that de- 
scribed above. By example, the lower and upper layers 
include a material having a low acoustic impedance 
such as silicon, poly-silicon, aluminum, or a polymer ma- 
terial. Also by example, the middle layer includes a ma- 
terial having a high acoustic impedance such as gold, 
molybdenum, or tungsten. The method further . includes 
the steps of (D) forming a protective passivation layer 
over the upper layer of the upper acoustic mirror, and 
patterning the layers formed in steps (C) and (D).to cre- 
ate openings for the contact pads, if any are provided. 
The protective passivation layer and the contact pads 
are also similar to those described above. The upper 
acoustic mirror protects the resonator from being con- 
tacted by external materials that can harm the at least 
one resonator. As can be appreciated, more than one 
BAW filter may be fabricated on a wafer in accordance 
with these method steps. 

Thereafter, the filter is assembled on a circuit board 
using an assembly technique selected at block (E). 
Where the assembly technique selected at block (E) is 
an on -board assembly technique, steps (F1 and (F2) are 
performed. In step (F1), Ihe wafer is cut into chips. In 
step (F2), the chips are coupled to circuitry of a circuit 
board with bonding wires. 
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2. with the top acoustic mirror 1 8 and the protective layer 
3 removed from the area of the filter 2 including the res- 
onators T and 12'(only the piezoelectric layers 9 and the 
top and bottom electrodes 8 and 1 9. respectively, of the 
resonators T and 12' are shown in Fig. 8d). Contacts 
19a and 19b are disposed over opposite external sur- 
faces of the BAW filter 2, and contact 19c is disposed 
over another external surface of the BAW filter 2. Con- 
tacts 19a and 19b are situated adjacent to respective 
portions of the protective passivation layer 3, the first 
and second acoustic mirrors 17 and 18, the substrate 
13, and to a portion of the electrode 8 of a respective 
one of the resonators 7 and 12. Contact 19a is electri- 
cally coupled to the top electrode 8 of the first resonator 
7, and contact 1 9b is electrically coupled to the top elec- 
trode 8 of the second resonator 1 2. 

Contact 19c is situated adjacent to respective por- 
tions of the protective passivation layer 3, the first and 
second acoustic mirrors 17 and 18, and the substrate 
13, and is electrically coupled to the top electrode 8 of 
the third resonator 7' and to the bottom electrode 19 of 
the fourth resonator 1 2\ Each contact 19a, 19b, and 19c 
is comprised of an electrically conductive material such 
as, by example, gold (Au). The contacts 19a, 19b, and 
19c enable the BAW filter 2 to bo electrically coupled to 
an externa! circuit. 

It can be appreciated that the placement of the con- 
tacts 19a, 19b, and 19c enable the BAW filter 2 to be 
attached to a circuit board by surface mounting tech- 
niques, thereby simplifying circuit assembly. By exam- 
ple, and referring to Figs. 8f, 10a. and 10b (Figs. 10a 
and 10b represent a cross section of the BAW filter 2), 
the BAW filter 2 can be surface mounted on a circuit 
board 106 by soldering the contacts 19a, 19b, and 19c 
to respective contact pads 102a, 102b, and 102c of the 
circuit board 106. This enables the contacts 19a, 19b, 
and 1 9c to be electrically coupled to circuit board wiring 
100. It can also be appreciated that the contacts 19a, 
1 9b, and 1 9c further serve to at least partially isolate the 
BAW filter 2 from environmental contaminants such as, 
by example, solder 1 04 or solvents, that may be encoun- 
tered during assembly and subsequent use. 
As can be appreciated, the BAW filter 2 may have other 
configurations. By example, Fig. 8c shows a top view of 
a cross-section of a BAW filter 2a that is constructed in 
accordance with another embodiment of the invention. 
A side view of a cross-section of the BAW filter 2a taken 
along line 8a-6a of Fig. 8c is represented by Fig. 8a. The 
BAW filter 2a is formed of similar layers as the BAW filter 
1a of Figs. 7a and 7c. However, in this embodiment of 
the invention, the portions of the electrodes which 
formed the contact pads 10, 11, (G1), and (G2) of Figs. 
7a and 7c are fully covered by the second acoustic mir- 
ror 18 (although this is not shown for resonators 7' and 
12'), and no exposed contact pads 10, 11, (G.1), and 
(G2) are provided. 
' Fig. 8e shows a perspective view of the BAW filter 2a, 
with the top acoustic mirror 18 and the protective layer 



3 removed from the. area of the filter 2a including the 
resonators T and 12. The BAW filter 2a includes con- 
tacts 1 9a and 1 9b. which are similar to those described 
above, and also includes contacts 19d and 19e. Con- " 

5 tacts 19a and 1 9b are disposed over opposite external 
surfaces of the filter 2a. and contacts 19d and 19e are 
also disposed over opposite external surfaces of the fil- 
ter 2a. The contacts 19a, 19b, I9d, and 19e are com- 
prised of an electrically conductive material such as, by 

10 example, gold (Au). Contact 19a is electrically coupled ■ 
to the top electrode 8 of the first resonator 7, and contact . 
19b is electrically coupled to the top electrode 8 of the 
second resonator 1 2. Also, each of the contacts 1 9d and 
19e is electrically coupled to the top electrode 8 of the 

is third resonator 7 and to the bottom electrode 19 of the 
fourth resonator 12. The contacts 19a, 19b, 19d, and 
19e enable the BAW filter 2 to be electrically coupled to 
• an external circuit. 

As can be appreciated, the placement of the con- 
.20 tacts 19a, 19b, 19d, and 19e enable the BAW filler 2a 
to be attached to a circuit board by surface mounting 
techniques, thereby simplifying circuit assembly. By ex- 
ample, and referring to Figs. 8g, 1 0a, and 1 0b (Figs. 1 0a 
and 10b represent a cross section of the BAW filter 2a), 

25 the BAW filter 2a can be surface mounted on a circuit 
board 106 by soldering the contacts 19a : 19b ; 19d, and 
19e to respective contact pads 102a, 102b, 102d, and 
102e of the circuit board 106. This enables the contacts 
1 9a, 1 9b, 1 9d, and 1 9e to be electrically coupled to cir- 

30 cuit board wiring 1 00. It can also be appreciated that the 
contacts 19a, 19b, 19d and 19e further serve to at least . 
partially isolate the BAW filter 2a from environmental 
contaminants such as ; by example, solder 104 or sol- 
vents, that may be encountered during assembly and 

35 subsequent use. 

Figs. 13a-13c illustrate various views of another 
embodiment of the invention, namely a BAW filter 116 
having a stacked filter structure. The filter 116 is also 
referred to as a "Stacked Crystal Filter" (SCF) 1 1 6. SCFs 

40 are two part devices and exhibit only a series reso- 
nance. The SCF 116 includes a substrate 13, a first, bot- 
tom acoustic mirror 17, a second, top acoustic mirror 18, 
and a protective passivation layer 3, which are similar 
to those described above. The SCF 116 also comprises 

45 a first, bottom resonator 111, and a second, top resona- 
tor 109. The bottom resonator 111 is disposed over the 
bottom acoustic mirror 17. The top resonator 109 is dis- 
posed over the first resonator 111, thereby forming a 
resonator stack. The first, bottom resonator 1 1 1 includes 

so a piezoelectric layer 110, a lower electrode 19, and a 
ground electrode 8'. The piezoelectric layer 110 is locat- 
ed between portions of the ground electrode 8' and the 
electrode 19. The second, top resonator 109 includes 
the ground electrode 8\ a piezoelectric layer 108, and 

55 an upper electrode 8. The piezoelectric layer 1 08 is dis- 
posed between portions of the ground electrode 8' and 
the upper electrode 8. The piezoelectric layers 108 and 
110 and the electrodes 8, 8', and 19 comprise similar 
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tional layers are needed to transform the load imped- 
ance Z 2 to a minimum impedance. 

Referring again to the device 23 of Fig. 6a, when 
the piezoelectric layer 22 vibrates, the vibrations it pro- 
duces are substantially isolated from the substrate 36 
by the interface between the electrode 24 and the top 
layer 70a. 

It should be noted that, although the acoustic mirror 70 
preferably comprises an odd number of layers, an even 
number of layers can also be employed in certain cases.. 
For example, one or more adhesive layers may be em- 
ployed between the bottom electrode 24 and the top lay- 
er 70a t and/or belween the substrate 36 and the bottom 
layer 70c, in order to securely adhere these layers to 
one another. 

The adhesive layers may be formed of any suitable ad- 
hesive material. As can be appreciated by those skilled 
in the art, the particular adhesive material used in the 
device depends on various factors such as, for example, 
the thicknesses of the layers surrounding the adhesive 
layers, the types of materials included within the sur- 
rounding layers, the type of deposition process used to 
fabricate the surrounding layers, and the environmental 
conditions (e.g., temperature) present during the depo- 
sition of the piezoelectric layer 22. 

In Fig. 3, a cross-section of another type of BAW 
resonator 80 is shown. The resonator 80 comprises a 
piezoelectric layer 82, a top electrode 84, a bottom elec- 
trode 86, a membrane 88, and a substrate 90 having a 
via 92. The resonator 80 functions in a similar manner 
as the resonator 20 described above in that both of 
these devices employ air interfaces to reflect acoustic 
vibrations produced by the piezoelectric layers 22 and 
82 of the respective devices. A primary difference be- 
tween these resonators 20 and 80, however, is the 
method employed for fabricating the respective air in- 
terfaces. For example, for the resonator 80, after all of 
the layers 84, 86, 82, and 88 are formed, a portion of 
the substrate is then etched away from underneath the 
substrate 90 to form the via 92. 

Fig. 4 illustrates another type of resonator 80'which 
comprises a top electrode 84\ a piezoelectric layer 82', 
a bottom electrode 86', and a substrate 90'that includes 
a via 92* and a membrane 88'. The membrane 88' is 
formed by removing some material from underneath the 
substrate 90'. The resonator 80'functions like the reso- 
nator 80 of Fig. 3. 

As may be appreciated, at least some of the layers 
that form the resonators described above may be ex- 
posed to the air. 

The inventor has developed a novel and inexpen- 
sive technique for protecting layer surfaces of BAW fil- 
ters. The technique avoids the high costs of using pres- 
ently-available techniques for protecting exposed reso- 
nator layer surfaces from becoming contaminated or 
otherwise damaged. The technique also permits BAW 
filters to be fabricated in a manner so as to provide in- 
terfaces for reflecting acoustic waves that replace the 



air interfaces of known types of BAW resonators. 

One embodiment of the invention may be under- 
stood in view of Fig. 7b, which illustrates a top view of 
a Bulk Acoustic Wave (BAW) filter 1 that is constructed 

5 in accordance with the invention, and in view of Fig. 7a, 
which represents a side view of a cross-section of the 
filter 1 taken along line 7a-7a of Fig. 7b. Referring first 
to Fig. 7a, the BAW filter 1 comprises a substrate 13, a 
first acoustic mirror 1 7 that is situated atop the substrate 

'0 13, a first resonator 7, and a second resonator 12. The 
first and second resonators 7 and 12 are situated over 
the first acoustic mirror 17. A second acoustic mirror 18 
is disposed over the first and second resonators 7 and 
12. Also, as can be appreciated, the second acoustic 

*5 mirror 18 can be disposed over a portion of the first 
acoustic mirror 17, although this is not shown in Figs. 
7a or 7b. A protective passivation layer 3 is disposed 
over the second acoustic mirror 18. 

The first, lower acoustic mirror 17 comprises three 

20 layers, namely a top layer 14, a middle layer 15, and a 
bottom layer 16. Each layer 14, 15 : and 16 has a thick- 
ness that is, by example, approximately equal to one 
quarter wavelength at the resonant frequency of the 
BAW filter 1 . The top layer 14 and bottom layer 16 are 

25 comprised of materials having low acoustic impedances 
such as, by example, silicon (SiV poly-silicon, aluminum 
(Al), or a polymer. Also, the middle layer 1 5 is comprised 
of a material having a high acoustic impedance such as, 
by example, gold (Au), molybdenum (Mo), or tungsten 

30 (W). As such, the acoustic impedance of the middle lay- 
er 15 is greater than the acoustic impedance ol the top 
layer 14. Similarly, the acoustic impedance of the middle 
layer 15 is greater than the acoustic impedance of the 
bottom layer 16. Preferably, a ratio of the acoustic im- 

35 pedance of layer 1 5. to that of layer 1 4, and a ratio of the 
acoustic impedance of the layer 15 to that of layer 16, 
are large enough to permit the impedance of the sub- 
strate 13 to be transformed to a lower value. For cases 
in which the materials used to. form these layers 14, 15 

^0 and 16 cause these ratios to be smaller than is neces- 
sary to transform the impedance of the substrate 1 3 to 
a desired lower value, however, additional layers may 
be provided within the first acoustic mirror 17 to trans- 
form this impedance to the lower value. Preferably, there 

45 are an odd number of layers included within the first 
acoustic mirror 17, although in practice, one or more ad- 
hesive layers may be employed if needed to securely 
adhere the bottom electrode 1 9 to the top layer 1 4, and/ 
or to securely adhere the bottom layer 16 to the sub- 

50 strate 1 3. As described above, the adhesive layers may 
include any suitable adhesive material, depending on 
various factors such as, for example, the thicknesses of 
the layers surrounding the adhesive layers, the types of 
materials included within the surrounding layers, the 

55 type of deposition process used to fabricate the sur- 
rounding layers, and the environmental conditions (e.g., 
temperature) present during the deposition of the pie- 
zoelectric layer 22. Preferably, however, the resonator 
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boltom acoustic mirror. The at least one resonator may 
include, by example, a plurality of adjacent resonators 
disposed over a surface of the bottom acoustic mirror, 
or a pair stacked resonators forming a stacked crystal 
structure. Contact pads may also be formed from por- 
tions of electrodes of the resonators to provide input, 
output, and grounding pads. A next step (C) includes 
forming a top acoustic mirror over the at least one res- 
onator. The top acoustic mirror is similar to the second 
acoustic mirror described above. 

The method further includes the steps of (D) form- 
ing a protective passivation layer over the top layer of 
the top acoustic mirror, and patterning the layers formed 
in steps (C) and (D) to create openings for the contact 
pads, if any are provided. The protective passivation lay- 
er and the contact pads are also similar to those de- 
scribed above. Thereafter, a step (E) is performed of as- 
sembling the filter on a circuit board using a selected 
technique. Where the assembly technique selected is 
an on-board assembly technique, steps (F1) and (F2) 
are performed. In step (F1), the wafer is cut into chips. 
In step (F2), the chips are coupled to circuitry of a circuit 
board with bonding wires. 

For a case in which the assembly technique select- 
ed at block (E) is flip-chip technology, steps (G1) and 
(G2) are performed. In step (G 1 ), solder bumps are fab- 
ricated on contact pads of the filter using, by example, 
vacuum deposition (e.g., evaporation) of a bump metal 
or electrochemical plating of solder. The wafer is then 
cut into chips. Thereafter, at block (G2), the chips are 
coupled to selected contacts of the circuit board using 
flip-chip technology. For a case wherein the assembly 
technique selected at block (E) is surface mount tech- 
nology, steps (H1 )and (H2) are performed. In step (H1 ), 
the wafer is cut into chips and contacts are formed over 
an external surface of the filter. Thereafter, at step (H2), 
the chips are coupled to selected circuit board contact 
pads using surface mount technology. 

The above set forth and other features of the inven- 
tion are made more apparent in the ensuing Detailed 
Description of the Invention when read in conjunction 
with the attached Drawings, wherein: 

Fig. 1 illustrates a cross-section of an exemplary 
Bulk Acoustic Wave (BAW) resonator that includes a 
membrane and an air gap. 

Fig. 2 illustrates a top view of the BAW resonator of 
Fig. 1. 

Fig. 3 illustrates a cross-section of an exemplary 
BAW resonator that includes a substrate having a via. 

Fig. 4 illustrates a cross-section of an exemplary 
BAW resonator that comprises a via and a membrane 
formed by a portion of a substrate. 

Fig. 5 illustrates a cross-section of an exemplary 
BAW resonator that includes a sacrificial layer. 

Fig. 6a illustrates a cross-section of an exemplary 
BAW resonator that includes an acoustic mirror. 

Fig. 6b shows high and low impedance transmis- 
sion lines representing layer impedances of an acoustic 



mirror of the invention. 

Figs. 7a and 7b illustrate a side view of a cross-sec- 
tion and a top view of a cross -sect ion. respectively, of a 
BAW filter that is constructed in accordance with the in- 
5 vention, wherein the cross-sectional view of Fig. 7a is 
taken along line 7a-7a of Fig. 7b, and wherein in Fig. 7b 
the upper acoustic mirror and protective layer are re- 
moved. 

Fig. 7c illustrates a top view of a cross-section of a 
10 BAW filter that is constructed in accordance with another 
embodiment of the invention wherein in Fig. 7c the up- 
per acoustic mirror and protective layer are removed, 
wherein a side view of another cross-section of the BAW 
filter is represented by Fig. 7a, and wherein the cross- 
is sectional view of Fig. 7a is taken along line 7a-7a of Fig. 
7c. 

Fig. 7d illustrates a schematic diagram of the BAW 
filter of Figs. 7a and 7b. 

Fig. 7e illustrates a schematic diagram of the BAW 
20 niter of Figs. 7a and 7c. 

Figs. 8a and 8b illustrate a side view of a cross-sec- 
tion and a top view of a cross-section, respectively, of a 
BAW filter that is constructed in accordance with another 
embodiment of the invention, wherein the cross-section- 
25 al view of Fig. 8a is taken along line 8a-8a of Fig. 8b, 
and wherein in Fig. 8b the upper acoustic mirror and pro- 
tective layer are removed. 

Fig. 8c illustrates a top view of a cross-section of a 
BAW filter that is constructed in accordance with another 
30 embodiment of the invention, wherein in Fig. 8c the up- 
per acoustic mirror and protective layer are removed, 
wherein a side view of a cross-section of the BAW filter 
is represented by Fig. 8a, and wherein the cross-sec- 
tional view of Fig. 8a is taken along line 8a-8a of Fig. 8c. 
35 Fig. 8d shows a perspective view of the BAW filter 
of Figs. 8a and 8b. 

Fig. 8e shows a perspective view of the BAW filter 
of Figs. 8a and 8c. 

Fig. 8f illustrates the. BAW filter of Fig. 8d surface 
40 mounted on a circuit board. 

Fig. 8g illustrates the BAW filter of Fig. 8e surface 
mounted on a circuit board. 

Fig. 9 illustrates a logic flow diagram of a method in 
accordance with the invention. 
45 Fig, 1 0a illustrates a cross section of a BAW filter of 
the invention surface mounted on a circuit board. 

Fig. 10b illustrates a front view the cross section of 
the BAW filler of Fig. 10a surface mounted on a circuit 
board. 

50 Fig. 11 shows the BAW filter of Fig. 7a coupled to 
contacts of a circuit board by bonding wires. 

Fig. 1 2 shows the BAW filter of Fig. 7a, after having 
been coupled to contacts of a circuit board using flip- 
chip technology. 

55 Fig. 1 3a is a cross-section of a Stacked Crystal Fil- 
ter (SCF) that is constructed in accordance with an em- 
bodiment of the invention, wherein a top portion of the 
SCF includes an acoustic mirror. 
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Description 

The present invention relates to Bulk Acoustic 
Wave (BAW) filters. 

It is known in the art to use Surtace Mount Technol- 
ogy (SMT) to assemble integrated circuits. The pe rform- 
ance ot this technology involves various steps including, 
by example, the application of solder cream to a sub- 
strate, the placement of circuit components on the sub- 
strate, soldering, and cleaning. During the performance 
o! these.steps. the circuit components often need to be 
protected from, by example, solder solvents, or other 
types of materials that can contaminate these compo- 
nents during the assembly process. 

The need for using miniature and high performance 
filters in. wireless communication devices has led to the 
widespread usage of Surface Acoustic Wave (SAW) fil- 
ters. As is known by those having skill in the art, layer 
surfaces of SAW filters typically need to be protected 
from external contaminants during assembly and sub- 
sequent use. One known method of protecting these 
layer surfaces during assembly includes assembling the 
filters using, for example, flip-chip technology in a her- 
metic environment. As can be appreciated, this tech- 
nique can be tedious to perform. 

Another known method of protecting layer surfaces 
of SAW filters includes packaging the SAW filters in her- 
metically sealed ceramic packages. After being pack- 
aged in this manner, the SAW filters can then be surface 
mounted toa circuit board. Unfortunately, this technique 
lends to be expensive, as packaging costs can contrib- 
ute considerably to overall fabrication costs. 

Fortunately, the drawbacks associated with using 
hermetically sealed ceramic packaging and/or hermetic 
environments can be avoided by using another type of 
high performance acoustic filter, namely a Bulk Acoustic 
Wave (BAW) filter. BAW filters typically include several 
BAW resonators. In a BAW filter, acoustic waves prop- 
agate in a direction that is perpendicular to the filter's 
layer surfaces. In contrast, acoustic waves which prop- 
agate within a SAW filter do so in a direction that is par- 
allel to the layer surfaces of the filter. As a result, and 
as may be appreciated by those who are skilled in the 
art, the performance of a SAW filter is likely to be more 
detrimentally effected when its layer surfaces are con- 
taminated or otherwise impaired by external elements 
than would be the performance of a BAW filter that ex- 
periences similar contamination. 

BAW filters can be fabricated to include various 
known types of BAW resonators. These known types of 
BAW resonators comprise three basic portions. A first 
one of the portions, which is used to generate acoustic 
waves, includes an acoustically-active piezoelectric lay- 
er. This layer may comprise, by example, zinc-oxide 
(ZnO), aluminum nitride (AIN) : zinc-sulfur (ZnS), or any 
other suitable piezoelectric material that can be fabricat- 
ed as a thin film. A second one of the portions includes 
electrodes that are formed on opposite sides of the pi- 



ezoelectric layer. A third portion of the BAW resonator 
includes a mechanism for acoustically isolating the sub- 
strate from vibrations produced by the piezoelectric lay : 
er. BAW resonators are typically fabricated on silicon, 

5 gallium arsenide, or glass substrates using Ihin film 
technology (e.g., sputtering, chemical vapor deposition, 
etc.). BAW resonators exhibit series and parallel reso- 
nances that are similar to those of, by example, crystal 
resonators. Resonant frequencies of BAW resonators 

10 can typically range from about 0.5GH to 5GHz, depend- 
ing on the layer thicknesses of the devices. . 

As can be appreciated by those who are skilled in 
the art, at least some of the layers that form BAW filters 
may be exposed to the air If a contaminating or other- 

15 wise harmful externa! material comes into contact with 
any of these layers, the performance of the BAW filters 
can become degraded. In order to avoid this problem, 
these layers are typically protected using a semi-her- 
metic packaging. Unfortunately, the costs of using semi- 

20 hermetic packaging can be high. Thus, it would be de- 
sirable to provide a novel, inexpensive technique for 
protecting these surfaces. 

Against this background, the present invention 
seeks to address the aforementioned drawbacks of the 

25 prior art. Accordingly, and from one aspect, the present 
Invention provides a Bulk Acoustic Wave (BAW) filter 
said BAW filter comprising at least one resonator struc- 
ture which is disposed over a substrate, and further 
comprising an acoustic mirror disposed over said at 

30 least one resonator structure. 

From a second aspect, the present invention pro- 
vides a method of fabricating a BAW filter and assem- 
bling the BAW filter on a circuit board, comprising the 
steps of: forming a first acoustic mirror over a substrate; 

35 forming at least one resonator structure on the first 
acoustic mirror; and forming a second acoustic mirror 
over at least a substantial portion of the at least one res- 
onator structure. 

By means of the invention, there is provided an in- 

40 expensive method for protecting resonator layers of 
Bulk Acoustic Wave (BAW) filters from being exposed 
to materials which can contaminate or otherwise detri- 
mentally affect these layers. In this way, BAW filters can 
be fabricated in a manner so as to provide interfaces for 

45 reflecting acoustic waves that replace the layer and air 
interfaces of known types of BAW filters. 

Advantageously, there is provided a protective layer 
for reflecting acoustic waves emanating from within a 
BAW filter in such a manner that the acoustic waves do 

50 not propagate beyond the protective layer 

Conveniently, there is provided a surface-mounta- 
ble BAW device. 

In accordance with one embodiment of the inven- 
tion, the BAW filter comprises a substrate and a first 

55 acoustic mirror which is disposed over the substrate. In 
this embodiment, a plurality of resonators are disposed 
adjacent to one another on a surface of the first acoustic 
mirror. A second acoustic mirror is disposed on the plu- 



